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Summary

Turbulent Navier-Stokes computational results are presented Jbr an

advanced diamond wing semispan model at low-speed, high-lift

conditions. Turbulence effects are accounted Jbr by utilizing the Spalart-

Allmaras model. The numerical results are obtained in support of a

wind-tunnel test that was conducted in the National Transonic Facility

at the NASA Langley Research Center. The model incorporated a

generic fuselage and was mounted on the tunnel sidewall using a

constant-width non-metric standoff. The objectives of the numerical

study were in several parts. They included the numerical simulation of

the NTF empty tunnel Jlow characteristics, semispan high-lift model with

the standoff in the tunnel environment, semispan high-lift model with the

standoff in Jbee-air, and semispan high-lift model without the standoff in

Jbee-air. The computations were perJormed at flow conditions of a 10 °,

M= 0.2, and R_ 24.2x106 which corresponded to a nominal approach

and landing situation. An approach was developed f)r the numerical

simulation of the empty-tunnel sidewall boundary-layer characteristics.

The lessons learned Jbom the approach were then applied to simulate the

flow over the semispam model in the tunnel environment.

The computed high-lifi Jlow characteristics Jor the model in both the

tunnel and in Jbee-air environment are presented. The computed wing

pressure distributions agreed well with the measured data and they both

indicated a small effect due to the tunnel wall interJerence effects.

However, the wall interJerence effects were Jbund to be relatively more

pronounced in the measured and the computed lift, drag and pitching

moment. Although the magnitudes of the computed Jorces and moment

were slightly off compared to the measured data, the increments due the

wall interJerence effects were predicted reasonably well. The numerical

results are also presented on the combined effects of the tunnel sidewall

boundary layer and the standoff geometry on the fuselage Jorebody

pressure distributions and the resulting impact on the conJiguration

longitudinal aerodynamic characteristics.

Introduction

The high-lift flow and the resulting

aerodynamics experienced by an aircraft in take-

off and landing are some of the most complex and

difficult phenomenon to simulate, either

experimentally with wind-tunnel tests, or

numerically with the computational fluid

dynamics (CFD) methods. For an aircraft to

achieve the high-lift performance levels, required

during takeoff and landing, it typically deploys

mechanical systems that are referred to as high-

lift devices. These devices are usually comprised

of leading and trailing edge flaps designed to

maintain attached flow over the vehicle for

acceptable aerodynamic efficiency and handling

qualities at the elevated lift conditions. However,

for high performance military aircraft (subject of

the present study) this must be achieved within

the context of a relatively thin, low aspect ratio

wing, and thus the resultant high-lift flow field

can vary considerably from that of conventional

commercial transport configurations.

The numerical simulation of high-lift flows is

very difficult because of the inherent geometrical

complexity as well as some very complex flow



interactionsthat canoccur.Suchgeometrical
complexity introducedby high-lift devices
includesphysicalgaps,cavityor coveregions,
exposedflapside-edgesthatareoftensharp,sharp
or rounded flap hinge-lines, etc. These
geometricalfeaturescaninduceflow separation
from either a smoothsurfaceor a surface
discontinuitythatmayroll upintoavortexflow,
cause vortex breakdown, develop vortex
boundary-layerinteraction,produceconfluent
boundary-layers,resultin unsteadyflow and/or
stalledflow,etc.Thesegeometricalcomplexities
andtheresultingcomplexflow fieldsathigh-lift
conditionsgiverisetochallengesthataredifficult
to addresseitherexperimentallyor numerically.
In additionto thesechallengesarethedifficulties
associatedwith transitionalflow, aeroelastic
effects,and tunnel wall interferenceeffects
particularlyforsemispanmodeltesting.

Progresshasbeenmadein recentyearsto
numericallysimulatethecomplexhigh-liftflow
aerodynamicswith Reynolds-AveragedNavier-
Stokes(RANS)formulationsbasedonmultiblock
structuredgridtechnology(refs.1-3)withvarious
degreesof success.However,the geometrical
complexityof thehigh-lift configurationoften
requiresa tremendousamountof time and
resourcestobespentingridgenerationto setup
sucha computation.An alternativeapproach
basedon theunstructuredgrid technologyhas
receivedattentionin therecentyears(refs.4,5),
primarilybecauseof its inherentflexibility in
discretizingcomplexgeometry.However,it is
alsowidelybelievedthattheexistingunstructured
gridtechnology,withcapabilitiesto simulatethe
complexhigh-liftviscousflowcharacteristics,is
still in thedevelopmentalstageandmaynotbe
ready for applicationby the generaluser
community.

The overall CFD plan for the present
numericalstudy,shownschematicallyin figure1,
consistsof two primaryobjectives.Thefirst
objectiveis to validatea state-of-the-artRANS
methodfor predictingthe low-speedhigh-lift
aerodynamicsof anadvancedhigh-performance
military wing conceptrecentlytestedin the
NationalTransonicFacility(NTF),(ref.6),atthe

NASA LangleyResearchCenter(LaRC).The
wind-tunnelmodelwasdesignedaspart of a
multi-nationalcollaborativeeffort(ref.7) under
the auspicesof The TechnicalCooperation
Program (TTCP). The TTCP participants
involvedin thiseffortincludedtheUnitedStates
Departmentof Navy,NationalAeronauticsand
SpaceAdministration(NASA),andtheUnited
KingdomDefenseEvaluationand Research
Agency (DERA).The wing had a diamond
shapedplanform incorporatinga full span
leading-edgeflap,apart-spanslottedtrailing-edge
flap, and a deflectableshroudaheadof the
trailing-edgeflap. Thewingwasmountedona
genericfuselagethatwastestedasa semispan
configuration.Thesemispanmodelwasmounted
onthetunnelsidewallandincludeda'non-metric
standoff'designedto minimizetheeffectof the
tunnel sidewall boundary layer on the
configurationaerodynamics.Thetermnon-metric
refersto acomponentof awind-tunnelmodelfor
whichitscontributionto theaerodynamicforces
andmomentsarenot measuredby themodel
balancesystem.In additionto otherobjectives,
thetestwasconductedprimarilyto assesshigh-
lift riggingeffectsandto developa databasefor
CFDcodevalidation.Datafromthisexperiment
includestaticsurfacepressures,configuration
forcesandmoments,andaeroelasticdeformations
formanyhigh-liftsettings.

Forthepresentcodevalidationpurposes,the
CFD model includednot only the semispan
configurationbutalsoarepresentationof thewind
tunneltestsectionthatwasconfiguredfor solid
walltesting(i.e.,closedslots).Thefocusof the
presentnumericalanalysisis on a high-lift
configurationwithaspecificriggingarrangement
designedfor approachandlandingconditions.
Referringto theschematicof theoverallCFD
plan shownin figure 1, thesecomputations
includeanemptytunnelsimulationtovalidatethe
viscoussidewall flow (fig. la) and then a
simulationof themodel-in-tunnelconfiguration
(fig.lb).

The secondobjectiveof this study is to
numericallyassesswind-tunnelwall interference
effects for this configuration. This is



accomplishednumericallythrougha systematic
removalof wall interferenceeffectsdueto solid-
wall confinement(fig. lc) anddueto viscous
sidewallinteraction(fig. ld). Experimentalwall
interferenceeffectswerealsoobtained(ref. 8),
andtheseareusedto helpassessthenumerical
results. Previoussemispantest technologyat
NTFhasbeendevelopedforcommercialtransport
configurations(refs.9, 10)andthepresenteffort
complementsthis capabilityfor this slender
vehicle.Thepresentcomputationalresultsareall
obtainedwithamultiblockedstructuredgridcode
knownas CFL3D(ref. 11)coupledwith the
Spalart-Allmaras(SA)model(ref. 12)to account
forturbulentfloweffects.
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Test Description and Preliminary

Analysis

Model Description

The semispan wind-tunnel model consisted of

a generic fuselage with a 1.5-inch non-metric

constant-width standoff and a cropped diamond

wing planform with leading and trailing edge

sweeps of 40 °, and -40 °, respectively. The wing

was designed for multi-mission interdisciplinary

military requirements for cruise, high angle of

attack maneuver, as well as for low-speed, high-

lift performance. The photographs in figure 2

show the high-lift version of the model from two

different perspective views.

The semispan model was 7.7 ft long and 2.7 ft

wide excluding the 1.5-inch constant width non-

metric standoff. Figure 3(a) shows the planform
view of the model that was instrumented with

approximately 450 orifices to measure the static

surface pressures. The majority of the pressure

orifices were distributed over the wing and in

particular around the high-lift system. The wing

pressure orifices were primarily distributed along

six chord-wise stations located at Y/(b/2)=0.15,

0.30, 0.45, 0.55, 0.70, and 0.80.

The baseline conditions for the high-lift wing

model included a full span 22 ° deflected leading-

edge flap (LEF), a partial span 23 ° deflected

shroud, and a partial span 35 ° deflected trailing-

edge flap (TEF). Figure 3(b) shows a typical

wing high-lift sectional cut. All the flap

component deflection angles are measured in a

sectional chord plane and have constant chord

dimensions. The gap and overlap (OL)

dimensions for the slotted TEF of the high-lift

model are referenced to the cruise wing

(undeflected LEF, shroud, and TEF) chord (c)

located at Y/(b/2)=0.3. The gap and OL for this

baseline high-lift model were set at 0.5%Crefand

2%Cref, respectively.

A downstream view of the model (with cruise

wing configuration) mounted on the NTF tunnel

sidewall is shown in figure 4(a), whereas the

photograph in figure 4(b) illustrates a close-up

view of the deployed high-lift components. The

model angle of attack rotation was accommodated

by the use of the pitch turntable, which was
inserted into the tunnel sidewall and connected to

a 5-component semispan balance to measure the

forces and moments acting on the model. The

standoff geometry component was not included in
the balance overall forces and moments

measurement. (i.e., non-metric). The measured

data was subsequently corrected for the blockage
effects and to exclude the contribution from the

blunt base of the fuselage.

Test Matrix and the Configuration/Flow

Conditions of Interest

The primary purpose of the test was to develop

an experimental database for four different

variations of the diamond wing with the emphasis

on the high-lift aerodynamic performance for

various flap-rigging arrangements (gap and

overlap). These configuration variations, see

Table 1, include two high-lift riggings for

approach and landing, one high-lift rigging for

take-off, and the baseline cruise-model with no

control surface deflections. Each of the three

high-lift configurations was tested with three

combinations of gap (i.e., 0.5%Cref, 1.5%Cref,

2.5%Cref) and overlap (i.e., -1.0%Cref, 0.5%Cref,

1.5%Cref, 2.0%Cref, 3.0%Cref) settings. In addition,

some intermediate gap and overlap settings for the

high-lift configurations along with a maneuver

configuration with a hinged TEF were also
included in the test.

Configuration LEF Shroud TEF

High-lift, 22 ° 23 ° 35 °

approach/landing

High-lift, 22 ° 17 ° 35 °

approach/landing

High-lift, take-off 22 ° 0° 20 °

Cruise 0° 0° 0°

Table 1. Configurations tested in the NTF.

Limited aerodynamic analysis of the

experimental data has been performed and

reported in reference 13. In this reference, the

estimates for the data repeatability have been



reported,in termsof 2o (o denotesthestandard
deviation),for thenormalforce,axialforce,and
pitching momentcoefficientsto be within
0.00030,0.00004and 0.00014,respectively.
Furthermore,similarestimatesarealsoreported
forthemeasuredupperandlowersurfacepressure
coefficientsto be within 0.0046and 0.0083,
respectively.Althoughnot usedin thepresent
numericalstudy,a techniquewasusedaspartof
the NTF test to measurethe aeroelastic
deformationof theslotted-flapsonthemodel(ref.
14). Ingeneral,thesedeformationswerefoundto
beaerodynamicallynegligible.

Thehigh-liftwingdesignedfor approachand
landingwaschosenasthebaselineconfiguration
for thepresentnumericalanalysis.Theplanform
viewandthecorrespondinghigh-liftriggingfor
theselectedbaselineconfigurationwereshown
earlierin figure3.Representativeflowconditions
for approachandlandingwerealsoselectedfor
the numericalanalysisand they are a=10°,
M_=0.2,andR>=24.2x106.

NTF Tunnel Description

The NTF is a fan driven, closed-circuit

operational tunnel. The tunnel nominal test

section is 25 feet long and has a square cross

section with a side dimension of 8.202 feet (see

figure 5). The four comers of the tunnel walls are

filled symmetrically with right triangular fillets

with the side dimensions (i.e., equilateral sides) of

approximately 6 inches attached to the tunnel

walls. It was learned that available geometry data

for the upstream contraction cone and the settling
chamber were not sufficient for use in CFD model

simulation. As a result, the initial CFD analysis

focused only on modeling the interior flow within
the nominal NTF test section.

The NTF is primarily a transonic wind-tunnel

facility designed to provide aerodynamic data on

sub-scale models at high unit Reynolds numbers

achieved through elevated pressures and

cryogenic temperatures. The tunnel floor and the

ceiling are each equipped with six longitudinal

slots to accommodate testing at transonic speeds.

However, the primary focus of the present

diamond wing test was to acquire aerodynamic

data on high-lift configuration at lower speed

regime (i.e., 0.2< M_< 0.5).

The test was conducted with the tunnel slots

closed in order to eliminate any effects due to

interactions between the trailing wake and the

slots; this is a common approach to high-lift

testing. With this testing approach, a
conventional solid wall interference correction

(WIC) method can be used to account for the

interference effects induced by the tunnel walls.

The implementation of the WIC method in the
NTF is described in reference 8. Two factors

contributed to the testing of the model in the air
mode. The first was because the model was not

designed for cryogenic testing environment. The

second factor was associated with the relatively

large model size that was determined to produce

the full-scale flight Reynolds number under

elevated pressures.

NTF Empty Tunnel Flow Characterization

Test

Prior to the diamond wing test, an effort was
undertaken to characterize the flow in the NTF

empty tunnel environment. As part of this flow

characterization test (ref. 15), a rake system was

employed to measure the BL profile on the tunnel

sidewall where the semispan model was to be

mounted (referred to as the model center of

rotation). This model center of rotation is located

at the tunnel station (TS) 13 ft, approximately half

way between the tunnel floor and the ceiling (see

figure 5). A schematic view of the BL rake is

shown in figure 6(a). The rake was 6.25 inches

tall and incorporated 29 probes. The first 8 probes

were uniformly distributed over the first inch to

measure the near wall pressure field.

A sample velocity profile derived from the

measured pressure data at a nominal flow

condition of M_=0.2, R_=2xl06is shown in figure

6(b). Each experimental data point includes a

horizontal band to indicate the corresponding

fluctuation range of the measured quantity (ref.

15). At this flow condition, the measured velocity

profile indicated that the edge of the boundary



layer (i.e., u/U_~0.99)occursat a heightof
approximately3.8inches(96.52mm). Thisdata
setisusedtovalidatethenumericalsimulationof
the empty tunnel sidewall boundarylayer
characteristics.Figure6(b)alsoshowsthemodel
standoffsuperimposedon theemptytunnelBL
profileforreference.

Turbulent Navier-Stokes

Computations and Flow Field

Analyses

Numerical Algorithm

The present numerical analysis is performed

with the multiblock, structured-grid CFD code

known as CFL3D (ref. 11). The code is well

documented and has been extensively validated

for variety of applications with different classes of

flows and configurations (refs. 16-22). The

algorithm is based on the compressible, time-

dependent, Reynolds-Averaged Navier-Stokes

(RANS) equations that are written in a curvilinear

coordinate system. A cell-centered, finite volume

approach is used to solve the equations in a

conservative form. An upwind-biased, flux-

difference-splitting scheme (ref. 23) is used to
solve the inviscid terms whereas central

differencing is applied to solve the viscous terms.

Several turbulence models, from algebraic

equation model to one and two equation models,

have been incorporated in the code.

The present numerical results are all based on

the one-equation model of Spalart-Allmaras (ref.

12). The solutions presented in this report are all

obtained by the use of multi-gridding and mesh-

sequencing techniques to accelerate the

convergence characteristics. The various grid-

block interfaces in the physical domain are

patched to one another either in a two-

dimensional planar form or a three-dimensional

non-planar form. The flow primitive variables are

interpolated across the various block interfaces

using a searching technique based on a

combination of linear and polynomial equations
as discussed in reference 19.

NTF Empty Tunnel Numerical Flow

Simulation

The empty tunnel flow simulation was

conducted primarily for two reasons. The first
reason was to establish that the tunnel sidewall

BL could be reasonably simulated. The second
reason was to determine whether a mixed viscous

and inviscid boundary condition for modeling the

tunnel walls was adequate to simulate the test
section flow field.

The initial numerical model included only the
nominal NTF test section and the tunnel sidewall

was treated with a viscous boundary condition
whereas the other three walls were simulated with

an inviscid boundary condition. The characteristic

inflow BC and outflow BC with specified

pressure ratio (p/p_) of 1.0 were imposed at the

tunnel inlet and exit plane. The tunnel corner

fillets were not modeled in this study because

their symmetric influence on the tunnel sidewall

BL characteristics is expected to be small,

particularly around the model center of rotation.

Four sets of Cartesian grids (i.e., H-H topology)

were generated with different grid resolutions

(0.5<y÷<l 1.8, y÷ is measured from the first cell

center off the wall) to address grid sensitivity

effects on the results. Pilot computations were

performed at M_=0.2, and Rft=2 xl06, based on

the RANS formulation with Spalart-Allmaras

(SA) turbulence model. As shown in figure 7, the

correlation of these computed results (open

symbols) with the measured BL thickness at TS

13 ft. (solid square) indicated a clear

disagreement. This disagreement was rather

expected because of the numerical model did not

include a proper BL profile at the inflow plane

(i.e., X=0).

Due to the simplicity of the tunnel sidewall BL

characteristics, it was decided to explore the

applicability of flat-plate (FP) theory:

8 = O.14(X)6/7/(R)1/7 (1)

for estimating the turbulent BL thickness growth

along the tunnel sidewall. In this equation, X is

measured from the flat plate LE and R is defined



astheReynoldsnumberperunitlength(i.e.,mm
in thiscase).Theflat-platetheoryestimatesof the
BLthicknessgrowtharealsoshownin figure7to
be very closeto the turbulentNavier-stokes
resultscomputedforthenominalNTFtestsection
(buried under the RANS open symbol
predictions).Asaresult,it wasdecidedto usethe
flat-plateBLtheoryandtheexistingexperimental
datapoint(i.e.,BL heightof 3.8inches(96.52
mm)at TS-13)to extrapolatea virtualoriginto
theNTF testsectionthatwouldprovideabetter
approximationoftheBL thicknessatTS-13.This
analysis,as shownin figure 7, revealedthe
locationof avirtualorigintobeapproximately15
ft (4600mm)aheadof thenominalNTF test
section.

Finally the accuracyof the estimatedNTF
virtualoriginbytheflat-platetheorywasvarified
by applyingthe turbulent(SA) Navier-Stokes
method.This varificationwasperformedby
modifyingavolumegridgeneratedearlierforthe
computationofthenominalNTFtestsection(i.e.,
65-axial,129-normalto thesidewall,65-lateral,
y+~0.9)to accommodategridsfor theupstream
extensionof thetunnelgeometry.Theturbulent
Navier-Stokesresultsfor the boundary-layer
heightgrowthalongtheextendedNTFsidewallis
alsoshown(solidline)in figure7. TheNavier-
Stokesresultsfor the extendedNTF sidewall
clearlyreaffirmthat the flat-plateBL height
estimateswereveryreasonable.It shouldbenoted
thatwith this approachtherelativelycomplex
contraction-coneand the settling-chamber
geometry(unavailablefor accuratenumerical
modeling)areessentiallyreplacedwitha simple
linearupstream-extensionof the squarecross-
section,tunnelgeometry.

Themeasuredvelocityprofileshownearlierin
figure6(b),is repeatedin figure8alongwiththe
axialvelocityprofilescomputedfor thenominal
(opensymbols)andtheextendedNTFtestsection
(solid line). The discrepanciesbetweenthe
measureddataand the predictionswith the
nominalNTFtestsectionareapparent.However,
the comparisonclearlyillustratesanexcellent
agreementbetweenBL rakemeasurementsand
thecomputedvelocityprofilewith theextended

NTFtestsection.

Thesimulatedboundarylayerflow wasalso
analyzedin termsof innerlawvariables,andthe
resultsareshownin figure9(a). In thisfigurethe
computedCFDprofileiscomparedwithstandard
boundarylayertheoryforflatplateflow.

Thetheoreticalresultsaregivenby:

Laminarsublayer: u÷=y+ (2)

Logarithmiclayer: u÷= 1/1(ln(y÷)+B (3)

Spalding'slawof thewall:

y+=u++

e_B[e_+-1- l(u+- (1(u+)2/2 - (1(u+)3/6] (4)

Law of the wake:

u÷ = 1/1( ln(y ÷) + B + 2 (FI/1() sin2[(y/8) (g/2)] (5)

In all cases 1(=0.4 and B=5.5 which are

standard values preferred by Spalding; for the

wake flow FI=0.7 which is slightly high (but not

unreasonable) when compared to Coles'
recommended value of 0.55.

The CFD results are for the cell-center values,
and the correlation between the CFD and the

theoretical profiles is in general very good. The

first cell center value occurs at a y÷ of about 0.4,

and despite this resolution, there are only a few

points fully within the laminar sublayer (y÷<3.6).

It appears that a slightly less aggressive stretching

would have been more appropriate for

representing the inner-law profile as modeled by

Spalding's law of the wall. Correlation between

CFD and theory is very reasonable for the

logarithmic layer (100< y÷<1000) and degrades a

little in the wake portion of the profile (1000<y÷).

Nonetheless, the predicted onset of the outer wake

profile at approximately y÷=2500 is fairly well

modeled by the law of the wake.

The inner-law analysis is useful for discerning

the various flow physics regions of the turbulent



boundarylayerassociatedwiththepresenceofthe
wall. Thisanalysistendsto compresstheouter-
lawwakeportionof theflow.Tobetterobserve
thisportion,thesameprofileis simplyshownin
primitivevariablesin figure9(b).Hereagainthe
computedboundarylayerfromCFDfollowsthe
expectedtheoreticaltrendsreasonablywell. It
shouldbenotedthattheonsetof thewake-like
profile(y+=2500)correspondsapproximatelyto
y/8=0.13.Verylittle of theinner-lawproperties
canbediscernedin theconventionalboundary-
layerprofile.

It shouldbenotedthat aspart of theNTF
empty-tunnelflow simulationstudy,thoughnot
presentedhere,turbulent(SA) Navier-Stokes
computationswerealsocarriedoutby simulating
theviscousboundary-layerflowonall fourwalls
of theextendedtunnelgeometry.Theresultsfrom
thisstudyrevealedthatonlyaslightthinningof
the sidewallBL occurredand that it did not
manifestitself until reachingTS 5 ft. This
thinningof theBL thicknesswascomputedto be
about0.1inch(lessthan3 mm)atTS13ft. The
emptytunnelflowsimulationstudydemonstrated
that the upstreamextensionand the grids
employedwere acceptableto simulatethe
sidewallBL characteristics.TheextendedNTF
testsectionwasusedfor allsubsequentnumerical
simulations.

Model/standoff-In-Tunnel (MIT)

Numerical Grid Strategy: A multi-block

structured grid was developed to discretize the

semispan high-lift diamond wing model with the

stand-off geometry in the nominal NTF test

section (see figure 10). The semispan diamond

wing numerical model is rotated and set at 10°

angle-of-attack with respect to the tunnel free-

stream. Provisions were made from the empty

tunnel flow simulation to properly size the grid
over the viscous sidewall and to accommodate the

tunnel upstream block extension (not shown in

figure 10). The volume grid consisted of 39-grid

blocks and containing approximately 7 million

grid points. No grid density study was performed

on the diamond wing configuration. However, 7

million grid points has been shown, ref. 24, to be

sufficiently fine for predicting lift and drag to

within 1% for a different configuration (i.e.,

wing-body-engine-nacelle transport model). Grid

spacing for the model viscous surfaces were

chosen to produce a y+ of about 1 for the first cell

center off the wall. In general, the overall grid

topology can be grouped into five regions; 1)

configuration forebody region with C-O grid, 2)

fuselage top and bottom region with H-H grid, 3)

aft-fuselage region with H-O grid, 4) fuselage

standoff with H-H grid, and 5) the high-lift wing

with C-O topology. The deflected wing trailing-

edge flap was discretized with a C-H topology

embedded within the main wing C-O grid. These

grid blocks were patched with one another along
common interfaces.

The XYZ-coordinate system for the grid is

defined such that: positive X is from upstream to

downstream, positive Y is normal to the sidewall,

and positive Z is from tunnel ceiling to floor. The

volume grid is defined in metric units where the

viscous sidewall is located at Y=-38.1 mm (i.e.,

1.5 inch standoff width) with the opposing side at

Y=2461.9 mm. The overall longitudinal length of
the nominal NTF test section is defined to be

7620 mm (i.e., 25 ft) long.

A close-up view of the surface grid for the

semispan diamond wing model along with the

tunnel sidewall grids is shown in figure 11.

Surface grids are clustered in regions where the

flow is expected to experience a rapid change

such as acceleration or separation. These regions

include the LEF and shroud hinge-lines, around

the wing leading and trailing edges; TEF exposed

side-edges, wing-fuselage junctures, etc. In

addition, a stream-wise cut through the volume

grid around the high-lift element is also shown in

the right-hand side of the figure. The complexity

of the geometry and the care taken to resolve the

cove and the gap regions are clearly illustrated.

The inboard edge of the deflected TE flap is

abutted against the fuselage whereas on the

outboard side a gap is created exposing to the side

edges of the flap and the main wing element.

Loads associated with the fuselage blunt base

flow are removed from the experimental



measurementsandareexpectedto havea small
inducedeffecton thewing.Theseloadsarealso
removedfromthenumericalresults,andthusit
seemedunnecessaryto modelthedetailedbase
flow physics(i.e., unsteady,turbulentviscous
wakeflows).Furthermore,suchdetailedmodeling
of thesubjectflowwouldalsocontributeto the
complexityof thecalculationsandconvergence
difficulties.To mitigatesuchcomplications,an
inviscidBCwasusedto modelthebluntbaseof
thefuselage.Thegridtopologyfor thefuselage
baseisanH-Hthatsimplyextendstheassociated
gridonthefuselagebluntfacelongitudinallyby
stackingthemdownstreamto theoutflowplane.
In addition,anH-H grid topologywasusedto
abutagainsttheexposedsideedgesof theTEflap
(i.e.,outboardside)andtheexposedaft partof
outboardwing-panel(i.e.,inboardside).These
gridswererequiredto resolvetheviscousflowon
thesubjectside-edgepanels.

Solution Development and Convergence
Characteristics: Turbulent Navier-Stokes

computations were performed by setting the

tunnel free-stream conditions to M_=0.2,

R_=24.2 xl06, and at zero degree angle of attack.

However, note that the geometric angle of attack

(o_) for the model is 10°, because as discussed

previously, the numerical model is rotated to 10°

angle of incidence relative to the tunnel free-

stream condition. The computations were

performed on the numerical aerodynamic

simulation (NAS) Cray C-90 computer located at

NASA Ames Research Center and required about

300 MW of memory. The flow solution, initiated

from free-stream conditions, was advanced in

time to a steady state, by using multi-grid, local

time stepping, and mesh sequencing techniques to

accelerate the convergence characteristics.

A solution development and convergence

procedure was developed for this baseline MIT

case that could be applied in a consistent way to

the other cases in the present investigation. With

this procedure, the overall solution convergence

was achieved using mesh sequencing with three

grid levels (i.e., coarse, medium, and fine). Figure

12(a) shows the overall solution convergence

history that required about 60 hours of central

processing unit (cpu) time on a Cray C-90 with a

single processor to achieve such characteristics.

The coarse, medium, and fine grid solutions were

converged over 4000, 3000, and 2000 iterations,

respectively. Over the course of this solution

development, the overall residuals were reduced

by ~2.5 orders of magnitude and the oscillations

in the computed total (i.e., summation of all

viscous and inviscid surface boundaries) lift, drag,

and pitching moment were reduced to a negligible

level. Over the last 500 iterations of the fine grid

solution, the variations in total lift, drag, and

pitching moments were found to be

approximately +0.0005, +0.0002, and +0.0005,

respectively. In addition, Table 2 presents the

percent variation of forces and moment relative to

the fine grid solution (at iteration 9000) for the

coarse and medium grids at iterations 4000 and

7000, respectively.

Grid level %CL %CD %CM

Coarse 2.8 18.5 3.9

Medium 0.8 3.7 0.8

Table 2. Grid-level effects on computed

longitudinal aerodynamic characteristics.

Figure 12(b) also shows a more quantitative

variation of the residuals for each block during

the course of the solution development at every
1000 iteration intervals. It should be noted that the

largest oscillations in the block residuals are

occurring in and around block 35 that is

associated with the blunt fuselage base. These

oscillations become fairly small over the fine grid

solution development. The block residuals in the
rest of the flow domain indicate a much better

convergence rate than those associated with in
and around block 35.

Computed Flow Field Analysis: General flow

features computed over the model will be

presented in this section, while the quantitative

comparisons of the numerical prediction with

experimental data will be discussed later. The

computed flow features in terms of surface



pressurecoefficientsandstreamlinesfortheMIT
areshownin figure13(a).Thesurfacepressure
coefficientsareshownonthesemispandiamond
wingmodel,tunnelsidewall,inflow/outflowand
thefloor planeof the upstreamportionof the
extendedNTFtestsection.Theflowstreamlines,
shownin figure13(a),correspondto thepathof
severalparticlesreleasedin the field nearthe
tunnelsidewalljustaheadof fuselageandaround
theleadingedgesofthewingandthetrailingedge
flap. In addition,a fewparticleswerereleased
closeto thefuselagebluntbaseto highlightthe
associatedwakeflow-fieldstructure.Theparticle
tracesarecomputedwithoutanyrestrictionto a
particularcomputationalgridplane.

Thecloseup viewsof the computedflow
characteristicsoverthemodelandthewingare
shownin theleft andrighthandsideof figure
13(b), respectively.The computedpressure
coefficientsalongwiththeparticletracesoverthe
winguppersurfaceappearto indicateanattached
flow on the deflectedleading-edgeflap, the
expectedflowexpansionalongtheflapandthe
shroudhinge-lines,andaregionofafairlybenign
attachedflow overthemainwingpanel.Figure
13(c)showa closeup views of circulatory-
trappedflowstreamlinesin thecoveregion(left
hand-sideimagewith the shroudgeometry
removed)andflowstructuresaroundtheTEFside
edge (righthand-sideimage). Thecomputed
resultsaroundtheTEFindicatearegionof low
pressurethatis associatedwith thevorticalflow
originatingfromthelowercomerof theTEFside
edge.ThisTEFside-edgeflowseparationformsa
vortexthatspillsoverto theflapuppersurface.
Thecloseupviewsof thecomputedlower-surface
pressurecoefficientsoverthemodelandtheTEF
areshownin therightandleft handsideimages
of figure13(d),respectively.Theresultsgenerally
showflowcompressionatthenoseofthefuselage
andunderthewing that is extendedonto the
neighboringfuselage.Also,notethattheeffectof
theTEFside-edgevortexflow interactionwith
the outboardwing panel is evidentby the
presenceof a low-pressureregiononits aftlower
surfaceastheflowacceleratesthroughthegap.
Fromahigh-liftdesignstandpoint,thecomputed
flow characteristicsindicatethedesiredattached

flow hassuccessfullybeenmaintainedoverthe
LEF,mainwing,shroud,andTEFfor mostpart
oftheinboardregionattheseconditions.

A stream-wisecutthroughtheMIT numerical
result,showingtheoverallview(topimage)and
theclose-upview(bottomimage)of thepressure
field,ata longitudinalstationof Y=1.33ft (405
mm)is presentedin figure 14.Relativeto the
model,thislongitudinalcutis slightlyinboardof
theTEFside-edgethatis atY=410mm. Similar
to the earlierfinding,the overallview of the
pressurefieldindicateatrailingwakesystemthat
extendsdownstreamto thetunneloutflowplane
withoutgettingcloseto the tunnelfloor. The
close-upviewof theresultsgenerallyshowsthe
flowexpansionovertheLEFhingelineandover
theTEFuppersurfaceduethepresenceof the
side-edgevortexflow.

A cross-flowcutthroughtheMIT numerical
result,showingthenearfield andthecloseup
view of the pressuredistributionaroundthe
geometryandthecomplexhigh-lift system,at
TS=2.74ft (835mm)is presentedin figure15.
ThisTSis 1.17ft aft of thetunnelstation13ft at
whichthemodelcenter-of-rotationis located(see
figure3(a)).The close-upview of the results
clearlyshowsthepresenceof avortexsystemon
theTEFside-edgealongwith theflowexpansion
aroundtheTEFleadingedgeandtheresulting
accelerationonitsuppersurface.

Model/Standoff-In-Free-air (MIF)

Numerical Grid Strategy: The grid strategy

chosen for the MIF computations utilized the

existing MIT grid without any alteration. The

MIF grid required six new grid blocks to extend

the MIT tunnel walls to the nominal far field (see

figure 16). The radial extent of the far-field

boundary was chosen to be about five overall

fuselage body-lengths (i.e., ~12.2_) away from
the tunnel centerline.

These new blocks included two H-O

topologies that wrapped around and patched to the

NTF walls (one over the nominal test section and

the other over the upstream extension part). The
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remainingfourH-H topologieswerepatchedto
theexistingMIT standoffblocksthatextendedto
thenominalfar fieldboundary.Thesesixblocks
addedatotalof approximately160,000pointsto
theexistingMITvolumegrid(i.e.,7 milliongrid
points).Characteristicinflow/outflowboundary
conditionsareinvokedontheexteriorsurfacesof
the far-field boundary.Also, the plane-of-
symmetryfor thiscaseis modeledasa viscous
boundarysimilartotheMITsidewall.

Computed Flow Field Analysis: Procedures

identical to those developed to obtain the
turbulent Navier-Stokes solutions for the MIT

case were applied to acquire the computational
results for the MIF case at the same flow

conditions. The MIF solution development

generated almost identical convergence
characteristics as those of the MIT case shown

earlier in figure 12. The computed pressure
coefficients from the MIF solution is shown in

figure 17 from two vantage points comparable to

those shown earlier for the MIT results in figure

13. The surface pressures are mapped over the

same contour range and the seeding locations for

the particle traces are identical to those of the

MIT with the exception of a few that are released

near the configuration plane-of-symmetry in the
new added blocks.

Qualitatively the computed streamlines and

pressure coefficients appear to be very similar to

those of the MIT results. Although it is difficult to

discern from these figures, the detailed analysis
indicated that the flow streamlines released near

the plane-of-symmetry appear to maintain their

curvature to a longer distance away from the

configuration than those released in the MIT

solution. This effect can be attributed to the

confined flow field in the tunnel environment

where the solid walls do not provide the same

pressure relief as present in the MIF environment.

Model/No-standoff-In-Free-air (MNIF)

Grid strategy and results discussion: The

volume-grid blocks associated with the standoff

were extracted from the existing MIF

computational grid. This modification resulted in

a total of 38 grid blocks, and ~6.5 million grid

points, to remain for the numerical representation

of the model/no-standoff in free-air (MNIF). The

same boundary conditions as the MIF case were

applied on all surfaces with the exception of the

configuration plane-of-symmetry where the

general symmetry plane boundary condition was

imposed.

The computational procedure established

under the MIT and MIF solution development

were applied to obtain the turbulent Navier-

Stokes solution for the MNIF case at o_=10 °,

M_=0.2, and R_=24.2x106. Nearly identical

solution convergence characteristics were
achieved as those obtained for the earlier

computations. The subsequent flow field analysis

also indicated qualitatively very similar results for

flow streamline traces and surface pressure

contour mapping as those obtained from the MIT

and MIF solutions and therefore not presented

here. However, the quantitative results from
MNIF solution will be correlated next with the

experimental data, along with the results from the

other CFD cases, that reveals considerable

pressure differences around the fuselage forebody

region.

Pressure, Force & Moment Predictions
and Correlation with NTF Data

Two sets of experimental data, referred to as

'with WIC' and 'without WIC', will be presented

in this report. While both data sets include all the

standard wind-tunnel data corrections, the only
difference between them is that one contains the

solid-wall interference correction effect and the

other does not. The application of WIC to correct

the experimental data that corresponds to the flow

conditions chosen for the numerical analysis

resulted in an increase in the model angle of

attack, free stream Mach number, and dynamic

pressure. The corresponding increments to angle

of attack (10°), free-stream Mach (0.2) and

dynamic pressure (347.6 psi') were 0.6 ° , 0.001,

and 4.54 psf, respectively. With the exception of

the angle of attack, the increments to Mach

number and dynamic pressure are considered

relatively small in the present investigation. To
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numerically complement the corrected
experimentaldata,anadditionalMIFcomputation
wasperformedatM_=0.2,R_=24.2xl06,anda
higherfree-streamangle-of-attackof 0.6°. As a
result,theangleof attackforthenumericalmodel
(rotatedto 10° angleof incidencerelativeto the
tunnelfree-streamflow) in thisnewcomputation
is 10.6°whichwill bereferredto asthecorrected
angleof attach(oto).Theresultsfromthisnew
MIF computationat oto=10.6°, alongwith those
originallyplannedwill be correlatedwith the
correspondingexperimentaldata for surface
pressurecoefficientsand overall forcesand
moment.

Surface Pressure Coefficients: The computed

surface pressure coefficients, the NTF data for
both with and without full corrections for wall

interference effects, along with wing geometry

sectional cuts are shown in figure 18. These

pressure coefficients are shown at six chordwise

stations on the wing, three over the inboard high-

lift section (figure 18(a)), and three on the

outboard panel (figure 18(b)). The experimental

data for the three inboard stations are only shown

for the wing main element because of some

inconsistencies encountered in mapping the

experimental pressure-orifice locations with the

corresponding high-lift CFD model over the

shroud and the TEF. Proper reference quantities,

such as the shroud and TEF axis of rotation, were
not available for consistent transformation of the

CFD results to the experimental data or vice

versa. Furthermore, the distributions of the

experimental pressure orifices were also found to

be slightly skewed with respect a constant span

cut, particularly over the TEF component.

The CFD results are shown for four different

cases that include the MIT, MIF, MNIF (all at

ot=10°), and the MIF at oto=10.6 °. The

experimental data are shown for both corrected

(denoted by 'with WIC') for the tunnel wall

effects to represent the free-air results and

uncorrected (denoted by 'without WIC') for the
tunnel wall effects. The effects of tunnel walls on

the measured surface pressure coefficients appear

to be insignificant at all stations over the main

wing. In general, the CFD results show very small

variations in the computed surface pressures

among all the cases studied; they correlate well

with the measured data over the main wing. In

particular, the CFD prediction of the suction peak

associated with the flow expansion at LEF hinge-

line is very good. The computed pressures also

show evidence of flow expansion at the shroud

hinge-line and around the leading edge of the

TEF. The small disagreements between the CFD

results and the data over the aft part of the main

inboard-wing lower surface (3 to 4 pressure tap

locations are misaligned from the constant span-

wise stations) are due to the TEF bracket
hardware on the wind-tunnel model. These two

brackets (see figure 2) are not numerically
modeled. The CFD results for the MIT and MIF

show small variations in the computed pressures

around the leading edge of the deflected flap over

the wing outboard panel.

The computed upper surface pressures over the

TEF at station Y/(b/2)=0.45 indicate a significant

loading due to a vortex flow that emanates from

flap side-edge. The effect of this vortex flow and

the resulting low pressure-field on the upper

surface of the TEF was shown earlier in figure 14.

It should be noted that this effect, discussed in the

next paragraph, is also seen in the measured

surface pressure data, although not compared

directly with CFD results due to the X/c mapping
inconsistencies discussed earlier.

The distribution of the experimental surface

pressure coefficients measured over the shroud

and TEF, that have been corrected for the tunnel

wall interference effects, are shown in figure 19.

These pressure distributions are plotted in a

different reference coordinate system and scale

(i.e., stretched horizontal axis) than the

corresponding CFD results shown for the shroud

and TEF in the previous figure. The measured

data clearly show similar trends, to the CFD

results, in chordwise pressure loading over the

shroud and in particular over the TEF. At the

inboard stations, the TEF pressure distributions

show an attached flow. At the outboard station,

the pressure distribution shows two suction peaks;

one is located just aft the leading edge due to the

leading-edge flow expansion and subsequent
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accelerationthroughthegap/overlapopening,and
theotheris locatedfurtheraft duetothepresence
ofside-edgevortexflow.

Force and Moment: The computed overall lift,

drag, and pitching moment coefficients are shown

in figure 20 along with the corresponding NTF

experimental data with and without WIC

application. The close-up views of each

respective data set near the flow conditions of

interest are shown in the right-hand column.

Consistent with the experimental data, it is

important to note that the contributions from the

standoff geometry and the blunt fuselage-base are

excluded from all the computed coefficients. The

experimental lift coefficients indicate a fairly

linear variation with angle of attack, and as

expected the application of WIC to account for
the tunnel wall interference results in a decrease

in lift curve slope.

The computed lift coefficients from the MIT

and MIF agree well with the measured data,

especially the increments due to WIC (see the

close-up results). The overall magnitudes are

slightly over-predicted by about 0.01. Also the

MIF computed lift coefficient at oto=10.6 °
correlates well with the corrected NTF data. As a

result, the lift curve slope for the free-air

computations (i.e., MIF and MIF at oto=10.6 °) is

also predicted well. Extracting the standoff

geometry physically from the numerical model

causes only a small decrease in the MNIF

computed lift coefficient relative to the MIF

prediction and it compares very well with the
corrected NTF data.

The measured pitching moment characteristics

exhibit very little change at low to moderate CL

range, followed by a nose down tendency with

increasing CL. The experimental data also indicate

diminutive effects from the application of WIC

method on the overall pitching moment

characteristics. The correlation of the computed

pitching moments with experimental data is

reasonable, though the enlarged plot on the right-

hand column may be misleading because of the

expanded scales. Nonetheless, the predicted trend

(i.e., ACm/ACL) for the free air computations is not

predicted well.

The measured drag polar indicates the

expected trend and that the modification due to

WIC application appears to become more

pronounced with increasing CL. The computed

drag coefficients are in general agreement with

the experimental measurements in terms of the

trends but not the magnitude. Also note the

increase in the predicted drag coefficient (~55

counts) with MNIF computation compared to the

MIF result. In addition to the obvious geometrical

differences between the two models (i.e.,

standoff), there is also the different imposed

boundary conditions on the configuration plane-

of-symmetry. In an effort to determine a possible

source for this drag change, further diagnostic

analysis was performed as discussed in the

following section.

Sidewall/Standoff Interference

Analysis

The predicted drag coefficients from MIF and

MNIF computations are shown in figure 21 along
with the results for the other two CFD cases for

completeness. The drag coefficients are plotted

against the block number in the computational

domain. With the exception of the first two blocks

that define the configuration forebody

longitudinally up to the fuselage/wing-LE

juncture point, the results indicate that the

computed drag remains fairly unchanged for the

remaining blocks. The majority of the increase in

MNIF computed total drag, relative to MIF

results, is attributed to the configuration forebody

(about 40 counts) and the wing components

(about 10 counts). This effect is likely to be

associated with the standoff geometry and the

boundary condition imposed on the wall to which

the model is mounted, i.e., viscous wall for MIF

and inviscid symmetry plane for MNIF. As a

result, the configuration forebody experiences a

different flow field in MIF computations

compared to the MNIF as will be explored in the

following paragraphs. This difference in the

computed drag coefficients may become

important, particularly when it is applied to

semispan experimental data reduction towards
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obtaining full configuration data. Similar data

analysis was also performed for the computed lift

coefficients that indicated negligible variations in

all blocks with the exception of the wing

components where they showed slight variations.

Computed pressure distributions along the

fuselage centerline (i.e., fuselage and standoff

boundary line, Y=0 mm) are shown in figure 22.

The results clearly indicate very small differences

between all the computations with the exception

of the MNIF solutions over the configuration

forebody. The majority of the differences occur

roughly over the front one-third of the fuselage

where the MNIF predicted pressures appear to

exhibit less suction on the upper surface and more

compression on the lower surface. As expected,

only the computed pressure coefficients with

MNIF indicate a stagnation point (i.e., Cp~l.0) on

the forebody unlike all the other solutions where

their respective pressure coefficients do not

exceed 0.83. The bulging of the pressure

distribution in the mid-fuselage region

(0<X<1200) is attributed to the wing pressure

field propagation inboard onto the fuselage. It is

also interesting to note that the fuselage pressure

distributions indicate a rapid decrease and

increase in pressures, near the fuselage base on

the upper and lower surfaces, respectively. This

abrupt change in the fuselage pressure difference

near the base plane is likely caused by the flow

separation at the sharp corners of the base

resulting in a wake-like flow-field behind the

blunt face of the fuselage. The cross sectional

pressure distribution on the forebody is analyzed

next to identify the circumferential extent of the

pressure difference between MNIF and the other
CFD results.

The computed circumferential pressure

distribution at two fuselage cross sections of

X=-500 mm and X=-200 mm are shown in figure

23. The first cross section is very close to the

fuselage nose (see figure 22 for relative location

with respect to the overall fuselage length) and

the second station is roughly about the mid-

forebody. The figure also shows the

corresponding cross-sectional geometry including

the standoff component hash-marked for

reference. The results clearly indicate that the

pressure difference observed between the MNIF

and the other CFD solutions on the forebody is

not confined to the fuselage centerline but it also

manifests itself circumferentially at both stations.

There are two primary factors that contribute to

this forebody pressure difference and the resulting

computed drag coefficients (figure 21). The first

factor is the standoff geometry itself that results in
an increase in the cross-sectional area of the

forebody, particularly near the nose. From a

slender body theory perspective, this area effect

would shift the pressures negatively without

changing the sectional load. The pressure

difference on the forebody (figure 23) shows this

shows this type of slender-body-theory trend,

although the precise magnitudes of the offset

would be affected by the presence of the viscous

sidewall boundary layer. The second factor is
associated with the detailed flow within the

sidewall boundary layer as discussed in the next

paragraph.

The computed total velocity vectors (at the

second grid points normal to the surface) along

with surface pressure coefficients on the tunnel

sidewall (only a portion of which is shown) and
standoff obtained from the MIF solutions are

shown in figure 24(a). The figure also shows the

off-surface particle traces released at key

locations to capture the presence of the horseshoe

vortex that develops in front of the blunt face of

the standoff geometry. The entire vortex appears

to be imbedded within the sidewall boundary

layer and stays within it after splitting around the

forebody as shown in a close-up view from an

oblique angle in figure 24(b). The core of this

horseshoe vortex, at the point where it splits

around the forebody, is ~20 mm upstream of the
standoff nose and ~5 mm off the tunnel sidewall.

Further analysis indicates that at a short distance

downstream of the forebody apex, both branches

of this horseshoe vortex (above and below the

standoff) becomes squeezed and gets closer to the

sidewall and finally diffuse into the stream-wise

flow. The low-pressure suction peaks (above and

below the standoff) associated with this horseshoe
vortex are also evident at station X=-500 mm in

figure 23. However, such suction peaks are
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clearlynotpresentoverthestandoffat forebody
stationX=-200mm.

Complementaryto the surfacepressure
comparisonatthefuselagecenterline(i.e.,figure
22), figure 25 showsthe differencein the
computedpressurecoefficients across the
symmetryplanebetweenthe MIF andMNIF
solutions.Thegridsareshownfor onlyaportion
of tunnelsidewallandfor everythreepointsin
bothdirectionsfor clarity.This resultclearly
showsthefieldeffectdueto thepresenceof the
sidewallboundarylayer(causingtheformationof
the horseshoevortex) andstandoffgeometry
acrossthefuselagecenterlineplane.Similartothe
earlierfindings,thisresultalsoindicatesthatthe
majorityof thepressuredifferencebetweenthe
twosolutionsis confinedonlyonandaroundthe
forebodyregionwherethe flow compression
aheadof the forebodyis followedby theflow
expansionaroundit. At thisangleof attack,this
pressure-fieldexpansionaroundtheforebody,on
the top and bottomportion, appearsto be
symmetric(i.e., counteractingeffect) which
resultsin onlyasmallcontributionto theoverall
lift characteristics.Howeverwithincreasingangle
of attack,the BL horseshoevortex and the
resultingpressure-fieldexpansionacrossthe
configurationsymmetryplanemaynot remain
symmetricthuscausinga highernormalforceto
beproducedbytheforebody.It shouldbenoted
thatthisadditionalnormalforceis measuredby
themodelbalanceaspartof theconfiguration
overallaerodynamicperformance.

Conclusions

The results from a numerical study for the

NTF semispan diamond wing model are presented

for low-speed, high-lift conditions. The CFD

results are based on the solutions to the Reynolds-

averaged Navier-Stokes equations that are solved

in a multiblock structured-grid computational

domain. The computations utilize the Spalart-
Allmaras model to account for the turbulent

effects in the flow. The CFD study consisted of

four cases: NTF empty tunnel flow simulation,

model/standoff in the tunnel (MIT),

model/standoff in free-air (MIF), and model/no-

standoff in the free-air (MNIF). The computations

focused on a configuration with the high-lift

rigging arrangement designed for landing

approach at nominal flow conditions of o_=10 °,

M_=0.2, and R>=24.2x106. A typical volume grid

(MIT) consisted of about 7 million grid points and

the computations required about 300 MW of

memory and 60 hours of CPU time of a single

processor on a Cray C-90 platform.

An approach based on flat plate theory was

developed to determine an upstream extension to
the nominal NTF test section for better simulation

of the tunnel sidewall boundary layer flow

characteristics. The validity of the approach was

later assessed by applying the turbulent Navier-

Stokes method to simulate the empty tunnel flow

field. The resulting sidewall boundary-layer flow

was shown to correlate very well with the

available experimental rake measurements. Empty
tunnel flow simulation results revealed that an

upstream extension (~15 ft) to the nominal NTF

test section (25 ft), as an approximate replacement

for the tunnel settling chamber and the contraction

cone geometry, was adequate for modeling of the

tunnel sidewall boundary-layer flow
characteristics.

The ability of the method to simulate the

complex flow structures on the diamond wing

high-lift model at low-speed flow conditions for

MIT, MIF, and MNIF was demonstrated. The

general flow features of the configuration include:

attached flow over the majority of the lifting

surfaces, the flow separation from the TEF side-

edge forming a vortex system, low momentum

vortex-like flow trapped in the cove region, and a

trailing- wake flow-field behind the blunt fuselage

base. In general from a high-lift design

standpoint, the computed flow characteristics
indicated that the desired attached flow was

successfully maintained over the majority of the

aerodynamic surfaces at these conditions.

Experimental data for the detailed flow physics

are not available to assess the accuracy of the

predicted flow structures in different regions of

the domain. However, the predicted results are

correlated with the measured surface pressure
distribution and the overall forces and moment.
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Negligible difference was shown to exist

between the experimentally corrected and

uncorrected wing pressures to account for the wall
interference effect. The numerical results also

showed small changes on the wing surface

pressure distributions due to the tunnel wall
confinement effects as well as the combined

tunnel sidewall boundary layer and standoff

effects. In general, the computed surface pressure

distribution over the wing compared reasonably

well with the available experimental data.

The numerical predictions for the overall

forces and pitching moment are shown to

correlate reasonably well with the NTF measured
data with and without the correction for the tunnel

wall interference effects. In particular, a very

good agreement between the computed lift
coefficients and the measured data are obtained

both in terms of magnitudes and the increments
due to wall interference effects. Elimination of the

standoff geometry from the numerical model is

shown to slightly decrease the configuration

overall lift coefficient computed for free-air

simulation. The computed drag coefficients are in

general agreement with the experimental

measurements in terms of the overall trends,

incremental shift due to wall interference effects,

but not the magnitudes. The agreement in overall

trends include the slope in drag-polar curve (i.e.,

MIF and MIF at o_o=10.6 ° data points). Compared

to the MIF prediction, the MNIF computed drag
coefficient indicated an increase of about 55

counts that is shown to primarily arise from the

configuration forebody (about 40 counts) and

main wing components (about 10 counts). The

change in computed drag-coefficient is attributed
to the obvious differences between the two

models; they are the standoff geometry and the

sidewall BL effects. Furthermore, the computed

forebody pressures from MNIF case clearly

indicated differences with those computed from

MIT, MIF, and MIF (at o_o=10.6°).

Detailed flow field analysis revealed insight
into the flow characteristics of the combined

sidewall boundary layer and the standoff effects

around the forebody that led to possible

explanations for the drag increase in the MNIF

computation. It is demonstrated that such

combined effects cause a pressure characteristic

in the fuselage centerline plane (i.e., plane-of-

symmetry) that is different than the one computed

for the full span configuration (i.e., MNIF). This

undesirable pressure difference in the plane-of-

symmetry between the MIF and MNIF solutions

is confined mainly to the configuration forebody

region. This pressure difference is attributed to

the presence of a horseshoe vortex as well as the

standoff geometry that effectively increases the

fuselage span and thus changing the local flow

characteristics. These results clearly suggest that

in order to improve the flow characteristics in the

fuselage centerline plane of a semispan model,

one may need to focus on improving a standoff

design shape around the forebody region.

Furthermore, such design endeavor should

include not only surface flow properties but

perhaps flow field properties as well to capture

the flow non-linearity due to the presence of the

horseshoe vortex and the resulting aerodynamic
effects.
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Figure 1. CFD plan for the NTF diamond wing semispan model.

Figure 2. Diamond wing semispan model.

(a) Model planform and pressure measurement stations.

Figure 3. Wind-tunnel model geometry attributes.
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(b) Baseline high-lift wing sectional-cut.

Figure 3. Concluded.

(a) Cruise wing configuration. (b) High-lift configuration.

Figure 4. Diamond wing semispan model mounted on the NTF tunnel sidewall.

19



Figure 5. Schematic view of the NTF wind tunnel.
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(b) Measured BL velocity profile.(a) Rake apparatus.

Figure 6. Schematic view of the BL rake and the sidewall measured BL velocity profile at the model center

of rotation.
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Figure 7. Computed Navier-Stokes, flat-plate theory and measured boundary-layer growth along NTF

sidewall.
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(a) Sidewall boundary layer profile in inner law variables at the model center of rotation.

(b) Sidewall boundary layer profile at the model center of rotation.

Figure 9. Comparison of the computed CFD results with the law of the wall theory.
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Figure 10. Grid topology for the Model/Stand-off in the nominal NTF test section.

Figure 11. Close-up view of the semispan diamond wing numerical model mounted on the NTF tunnel
sidewall.
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(a) Overall solution convergence characteristics. (b) Grid block residual variations.

Figure 12. Solution convergence characteristics for the MIT case.

(a) Overall view of the solution.

Figure 13. Turbulent Navier-Stokes flow field simulation for the model in the extended NTF test section.
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(b) Close up of the upper surface Cp and streamlines over the model and the wing.

(c) Close up of the upper surface Cp and streamlines in the cove region and around the TEF side-edge.

Figure 13. Continued.
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(d) Close up view of the lower surface Cp and streamlines over the model and TEF component.

Figure 13. Concluded.

Figure 14. Longitudinal cut through the MIT computed pressure field at Y 1.33 ft (405 mm).
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Figure 15. Lateral cut through the MIT computed pressure field at X 2.74 ft (835 mm).

Figure 16. Exterior grid wrapping around the MIT grid for developing the MIF grid.
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(a) Overall view of the solution.

(b) Close up view of the model.

Figure 17. Turbulent Navier-Stokes flow field simulation for the semispan model in free air.
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(a) Inboard high-lift stations. (b) Outboard wing stations.

Figure 18. Computed wing surface pressure coefficients and correlation with data.
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Figure 19. Experimental surface pressure coefficients over the shroud and TEF.
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Figure 20. Computed and measured longitudinal aerodynamic characteristics.
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Figure 21. Computed drag coefficients for configuration various components (blocks).

Figure 22. Computed longitudinal Cp along the fuselage centerline, Y 0 mm.
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Figure 23. Computed circumferential pressure distributions at two forebody stations.

(a) Side view.

Figure 24. Computed total velocity vectors on the tunnel sidewall, standoff (second grid off the surface) and oft'-
surface particle traces (only a portion of the grid shown).
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(b) Oblique close-up view of the tunnel sidewall horseshoe vortex structuxe ahead of the standoff.

Figure 24. Concluded.

iii iiiiiiii

Figure 25. Computed pressure coefficient difference between MIF and MNIF in plane-of-symmetry (only a

portion of the grid is shown).
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